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Abstract:
Much of geotechnical engineering involves the study and analysis of soil and its
characteristics. This sub-discipline of civil engineering becomes especially vital for when future
projects of construction take place or if engineers need to stabilize surrounding earth to protect
local infrastructure. For this reason, it is in the best interest of the geotechnical engineer to ensure
that the soil in question is structurally rigid and that it can withstand different types of forces;
whether that be for example, the dead loads of a building or the lateral movement of other soil
particles. However, as typical, testing of a new area of land usually finds the already existing soil
not viable for construction. Or the case may be, that the testing has deemed the soil as non-cohesive
(capable of erosion) thereby being problematic to the safety of nearby people, utilities, and
resources. This problem then establishes a need for structurally reinforcing the local soil on an
internal level.
For analysis purposes, this report seeks to explain an experimental design of biocementitious soils. The procedure is simple, nutrients are introduced into non-cohesive soil
samples, causing a bio-chemical reaction between the microbes and the nutrient broth, thereby
precipitating bio-minerals that can act as a binding agent between soil particles. It is expected that
the soil samples will become a more cohesive unit and thus increase in mechanical strength. This
then hopefully establishes a viable method to reinforcing cohesionless soil found in the field.
Lastly, to gather meaningful data, this experiment will also explain how to make use of
bender elements. It is through the use of these bender elements that data regarding the soil’s
mechanical properties prior to the nutrients, and after, can be recorded. The bender elements are
being specifically used because its implementation establishes a non-invasive approach to
experimentation (seismic waves), thus eliminating what would be otherwise, erroneous data.
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Introduction
The main objective this project seeks to undertake is the question of how bio-geochemical
activities such as bio-mineralization processes affect the properties of granular soils. Specifically,
can experimentation prove that some indigenous microbial communities are able to produce
minerals, such as calcite crystals. If so, it is reasonable to assume that these calcite crystals would
act as an effective bridge (cementing agents) between soil particles, and in doing so will
mechanically reinforce the overall soil specimen. However, it will also be important to note what
tradeoffs may occur from inducing different levels of nutrients into the soil specimens, items such
as the resulting hydraulic properties of the samples (i.e., water permeability).
To prove this, this project will discuss a theoretical laboratory experimental setup, that
makes use of wave sensor technology. This technology enables a non-invasive method for
gathering the change of mechanical properties before and after bio-mineral formation. The
hydraulic behavior of bio-treated samples can also be achieved using the analysis of S-wave and
P-wave propagation through the soil samples. To see further detail about this experimental setup,
please refer to the “Experimental Setup” portion of this document, below.
In conducting this research, it is hopeful that using wave sensor technology and routine
laboratory experiments, that several insights about bio-geochemically altered soils can be made.
In particular, this project wishes to explain how seismic waves can be a feasible method to
characterize the hydro-mechanical response of bio-treated soils. All laboratory procedures
although not conducted by the completion of this report will be given theoretically. By doing so,
future research on this topic may continue to proceed. And as stated previously, experimental setup
can be found below, and is accompanied with a section on how future experimentation will be
continued.
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Theory
The geotechnical engineering profession is always looking for alternative or new methods
to simplify contemporary issues of the practice. One such relatively new area of exploration is the
field of bio-treated soils. Bio-treated soils can be described as any soil possessing indigenous
(already-present) microbes, of which are given select nutrients to cause the precipitation of biominerals such as calcium carbonate. This method, as will be seen through analysis of already
previous studies, such as (J.T. DeJong et. al 2006) & (R.R. Pedreira 2014)

proves to be a

promising option to structurally reinforce granular (cohesionless) soils, such as sand. Its
application could be very useful when wanting to lay a foundation for a building or mitigating the
effects of potential erosion. Additionally, bio-treated soils also warrant a favorable environmental
advantage. Its practice is organic and does not make use of injecting the ground with toxins as is
conventionally done in projects involving the strengthening of granular soils. Proving the viability
of bio-treated soils not only grants benefits in mechanics and the environment but also has the
ability to establish itself as a powerful sustainable alternative to typical earthwork construction
methods.
The following experiments as will be discussed often employ the use of one specific
microorganism, named Bacillus pasteurii. This microbe in experimentation has often responded
positively to the introduction of nutrients. For example, Dejong, et al. (2006) found in their
experiment that Bacillus pasteurii, when given a select formula of nutrients, “exhibited an increase
in axial capacity under undrained monotonic shearing conditions, [correlating in an increase of]
initial shear stiffness and higher elastic capacity compared to untreated loose specimens” [1]. Here
is one data point providing a favorable outcome of the use of bio-treated soils in regards to
mechanistic improvement. It is with the manipulation of Bacillus pasteurii and other microbes like
4

it, that the hydro-mechanical properties of these indigenous soils can be modified to create a
specimen that not only is physically stronger but also resistive to the effects of erosion or lateral
forces.
As this project will explain one way of laboratory experimentation, it is also important to
review other studies with similar approaches. The literature review portion of this document will
undertake two elements of the study of bio-treated soils. Firstly, it will examine the induction of
bio-mineralization in specific microbes to verify if results were practical or at the very least
successful in producing these kinds of bio-formations. Secondly, an examination of bio-treated
soils using Compressive (P) and Shear (S) wave technology, (by using bender elements) will also
be conducted. This latter element is most important because it is desirable to see if incorporating
wave sensor technology proves to be a practical means in gathering data on mechanistic and or
hydraulic improvement of bio-treated soils.
However, before continuing further, it is important to understand some theory behind these
bender elements. By definition, a bender element is a piezoelectric transducer. This means it
possesses the ability to convert seismic waves into electrical signals. Once initiated by a periodic
pulse, one bender element (either transmitting a shear or compressive wave) moves ever so slightly
within its soil sample. As the wave is propagated at a specific frequency, an opposing bender
element is positioned in line with the original one. Then from there, this “receiving” bender
element collects these periodic pulses, and appropriately converts these into an electrical signal.
Electrical signals are then displayed by an oscilloscope. By using these devices before and after
indigenous microbes are introduced, it is the hope that a characterization of bio-treated soils can
be measured using this approach over the course of several trials and various amounts of time. And
if this proves worthwhile then a non-destructive approach has been verified to allow measurement
5

of a soil sample’s mechanical strength, before and after being altered. Please reference the below
figure which gives a visual example of how these two bender elements act within a confined space.

Figure 1: VJ Tech (n.d.). Vertical & Horizontal Bender Elements on a Triaxial Sample (not in scale).
https://www.vjtech.co.uk/blog/introduction-to-bender-element-testing. VJ Tech. Retrieved April 6, 2022, from
https://www.vjtech.co.uk/ [8].
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As is also pertinent to mention, there are a few associated pros and cons to using bender
elements. As for the positives, this technology enables a non-invasive method for gathering the
change of mechanical properties before and after bio-mineral formation occurs via biogeochemical processes. The hydraulic behavior of bio-treated samples can also be achieved using
the analysis of S-wave and P-wave propagation through the soil samples. As for negatives, the
constructability of bender elements rests on the experimenter. Arranging the bender elements in
such a fashion to behave correctly may be difficult to perform. Additionally, since the bender
elements are sensitive to outside influence (i.e., boundary conditions of the experiment causing
interference) it may be hard to decipher the accuracy of results as experimentation is performed.
Below is a list of the experiments found within this literature review, accompanied with a
brief explanation of these experiments’ findings.
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. Table 1: Summary of Related Works to the Study of Bio-cemented Soils.
Researcher
Names

Title of Study

Description of Research

F. G. Ferris, L.
G. Stehmeier

Bacteriogenic Mineral
Plugging (1992)

Successfully used microbially induced calcite
precipitation to reduce the water permeability of
sand when mining.

J. T. DeJong, M.
B. Fritzges, K.
Nüsslein

Microbially Induced
Cementation to Control
Sand Response to Undrained
Shear (2006)

Successfully proved Bacillus pasteurii could
induce calcium carbonate within a relatively
cohesionless sand.

J. T. DeJong, B.
M. Mortensen, B.
C. Martinez, D.
C. Nelson

Bio-mediated Soil
Improvement (2009)

Provided suggestions on how to make use of
compressive and shear wave technologies with
respect to calcite precipitation and injection
cycles.

R. R. Pedreira

Bio-cementation of Sandy
Soils for Improving their
Hydro-mechanical
Characteristics (2014)

Successfully induced the formation of calcium
carbonate, however control samples proved to be
stronger than tested bio-treated soils.

D. Bernardi, J. T.
DeJong, B. M.
Montoya, B. C.
Martinez

Bio-Bricks: Biologically
Cemented Sandstone Bricks
(2014)

Produced several microbially induced calcite
precipitation bio-blocks made of sand.
Characterized the strength of the bio-blocks using
compressive (P-waves) and was able to establish a
strong correlation between increased calcite
content, p-wave velocity, and specimen strength.

M. G. Gomez, J.
T. DeJong

, Engineering Properties of
Bio-Cementation Improved
Sandy Soils: Grouting
(2017)

Induced Biocementation with 14 different USCS
soil types. Proved shear waves can be used as an
effective means of characterizing bio-cemented
soils and correlates positively if soil samples have
low level of fines.

A. A. Dubey et al.

Biocementation mediated by
Native Microbes from
Brahmaputra Riverbank for
Mitigation of Soil
Erodibility (2021)

Concluded that bio-cementation of soils may
reduce the effects of erosion caused by rivers.
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Testing Techniques (Methodologies) and Materials
As can be convenient for the reader, this section will provide a brief summary of the testing
techniques and materials involved in each experiment. Accompanying tables and descriptions will
also be provided.
F. G. Ferris, L. G. Stehmeier, Bacteriogenic mineral plugging (1992): Wished to create an
invention that “provides a process to reduce the permeability of a subsurface geological formation
by mineral precipitation, [with] said process consisting of:


providing to said formation a microorganism culture having the capability to sustain
metabolic activity within the environment of said formation,



injecting an aqueous mineralization medium into said formation, and



precipitating mineral matter from said mineralization medium” [4].
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J. T. DeJong, M. B. Fritzges, K. Nüsslein, Microbially Induced Cementation to Control Sand
Response to Undrained Shear (2006): This study experimentally quantifies the use of the
microorganism Bacillus pasteurii to enhance the cohesiveness of non-binding sand particles. Sand
particles fall under the category of granular soil. These types of soils possess no cohesion and
contain little to no clay. The intent behind this experiment wished to find an alternative to old
practices of reinforcing granular soils, which at times led to infecting the ground with toxins.
Specifically, the “focus of [the] study was to examine the effect of biological treatment on
the stress-strain-strength properties of cohesionless soils” [1]. Please see the below table of which
provides an overview of its experimentation.
Table 2: Experimental Summary of Microbially Induced Cementation to Control Sand Response to Undrained
Shear.

Microbe Name/Soil
Type

Experimental Setup

Bacillus pasteurii
(treated to produce
MICP, Microbially
Induced Calcite
Precipitation)

Triaxial Apparatus,
Bacillus pasteurii
cultured, centrifuged, and
placed into growth
mixture (urea)

Verification
Method

Results

Researcher

Microscopy

Comparatively stiffer
and more elastic than
untreated (control)
specimens

DeJong, et.
al

J. T. DeJong, B. M. Mortensen, B. C. Martinez, D. C. Nelson, Bio-mediated soil improvement
(2009): General article providing recommendations on how to use shear and compressive wave
technology for characterizing bio-cementitious soils. See Results and Discussion section for the
authors’ suggestions.
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R. R. Pedreira, Bio-cementation of Sandy Soils for Improving their Hydro-mechanical
Characteristics (2014): This study undertakes the experimental evaluation of Bacillus pasteurii
by manipulating it to produce calcium carbonate. This microbe will be supplied a set amount of
nutrients from which it will precipitate its own minerals and subsequently be compared to the
resulting strength of two other different soil types. See the below table which summarizes the
results of the experimenter’s findings and methodology.
Table 3: Experimental Summary of Sandy Soils for Improving their Hydro-mechanical Characteristics.

Microbe
Name/Soil Type
Bacillus pasteurii
(treated with yeast
extract,
ammonium
sulphate, agar,
and buffer
solution)
Control sample
(includes all
elements of the
treated sample
but excludes
Bacillus pasteurii)
Soil in
combination with
water and cement
(simulation of
typical grout)

Experimental Setup

Verification
Method

Results

Researcher

Inserted into PVC mold
then placed into an oven.
Injected with 20 mL of
liquid media. Underwent
unconfined compression
test.

Scanning
Electron
Microscope
(SEM)

Biocementation did form.
However, when
compressed its strength
was not as high
compared to the other
two sample soils.

R.R.
Pedreira

Inserted into PVC mold
then placed into an oven.
Underwent unconfined
compression test.

-

Proved to be higher in
strength than
Biocementation sample.

R.R.
Pedreira

Placed under-water.
Underwent unconfined
compression test.

-

Proved to be higher in
strength than
Biocementation sample.

R.R.
Pedreira

D. Bernardi, J. T. DeJong, B. M. Montoya, B. C. Martinez, Bio-Bricks: Biologically
Cemented Sandstone Bricks (2014): This research wished to use microbially induced calcite
precipitation to create a type of bio-brick sandstone out of local sand. Then through the use of
shear and compression waves (mostly compression), the research team gathered results to
determine if there is a positive correlation with increased cementation, specimen strength and
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compressive wave velocities. See the below table which summarizes the methodology of the
experiment and the general findings.
Table 4: Experimental Summary of Bio-Bricks: Biologically Cemented Sandstone Bricks.

Microbe
Name/Soil
Type

Experimental Setup

Verification
Method

Results

Researcher

Sporosarcina
pasteurii
(Bacillus
pasteurii)
& Local
Masonry
Sand

Typical growth
mixture; Placed into
PVC molds; Supplied
bacterial growth;
Measured via
compression waves
(P-waves)

Signal
Generator, Data
Acquisition
System,
Oscilloscope,
Compression
Tests

Bio-bricks successfully
created. Compressive strength
is similar in value to other
tested typical brick types (i.e.,
lime and cement). Positive
correlation was established
between an increase in
specimen calcite content, pwave velocity, and strength

Bernardi et.
al

M. G. Gomez, J. T. DeJong, Engineering Properties of Bio-Cementation Improved Sandy
Soils: Grouting (2017): This study wished to see the resulting effects on 14 USCS samples from
tests involving unconfined compression, shear wave velocity, and hydraulic conductivity
reduction. Below is a summary of results specific to only shear wave velocity, as this will be the
approach being used in this honors research experiment.
Table 5: Experimental Summary of Engineering Properties of Bio-Cemented Improved Sandy Soils: Grouting.

Microbe
Name/Soil Type

Experimental
Setup

Native
Microbes
(Undefined)
with 14
different USCS
soil types

Typical growth
mixture.
Specific to Shear
waves, piezoceramic sensors
were used

Verification
Method

Results

Researcher

Signal
Generator, Data
Acquisition
System,
Oscilloscope

Samples with low fines
established positively
correlation with shear waves as
average calcite content
increased. Indeterminate results
when test was performed on
same soil samples with high
fines.

Gomez,
DeJong
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A. A. Dubey et al., Biocementation mediated by Native Microbes from Brahmaputra
Riverbank for Mitigation of Soil Erodibility (2021): This study wishes to research the potential
use of MICP as an alternative solution to conventional grouting practices. However, its application
in this experiment is more specific to preventing the harmful effects of soil erosion typically
forming in nearby riverbank of the local Brahmaputra River in India. Again, a table below has
been created summarizing the researcher’s findings and methodology.
Table 6: Experimental Summary of Biocementation mediated by Native Micros from Brahmaputra Riverbank for
Mitigation of Soil Erodibility.

Microbe Name/
Soil Type

Experimental Setup

Verification
Methods

Results

Researcher

Biocementation did form.
Penetration resistance was
higher after treatment.
Hydraulic currents proved
sample’s resistance to soil
erodibility.

A.A. Dubey
et al.

Biocementation did form.
Penetration resistance was
higher after treatment.
Hydraulic currents proved
sample’s resistance to soil
erodibility.

A.A. Dubey
et al.

Urea
hydrolysis
Microbe name:
Sporosarcina.
Field Sample
from
Brahmaputra
riverbank,
described as a
“poorly graded
fine sand”

Soil sample was placed
in growth media with
urea. Needle
Penetration Tests, and
Hydraulic Currents
were performed on
sample.

Microbe name:
Sporosarcina.
Field Sample
from local
campus,
described as a
“clayey sand
(SC)”

Soil sample was placed
in growth media with
urea. Needle
Penetration Tests, and
Hydraulic Currents
were performed on
sample.

FESEM
(Field
Emission
Scanning
Electron
Microscope)
XRD
(X-ray
Diffraction)
Urea
hydrolysis
FESEM
XRD
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Results and Discussion
The previous section provided a brief analysis of articles and studies related to bio-treated
and bio-cementitious soils along with experiments involving P & S wave technology. However, a
more technical overview has been conducted in this section, of these very same studies. Please
read the following of which examines the results of these several experiments in more depth.
Microbially Induced Cementation to Control Sand Response to Undrained Shear
This article reviews the use of the microorganism Bacillus pasteurii to enhance the
cohesiveness of non-binding sand particles. Sand particles fall under the category of granular soil.
These types of soils possess no cohesion and contain little to no clay. This particular group of
researchers wished to find an alternative to old practices of reinforcing granular soils, which at
times led to infecting the ground with toxins.
Specifically, the “focus of study was to examine the effect of biological treatment on the
stress-strain-strength properties of cohesionless soils” [1]. For experimentation, this team aimed
to create an environment which produced microbially induced calcite precipitation (MICP). This
then led to the decision of selecting a microbe that was susceptible and would react positively to a
specifically chosen nutrient (i.e., urea). The team after some research concluded that their
specimen would be Bacillus pasteurii. From there, three conditions were established to see the
comparative performance level of the MICP. The three conditions included “untreated
(uncemented) sand tests, gypsum-cemented tests, and microbially induced calcite precipitation
(MICP) cementation tests” [1]. To achieve the cementation properties of the MICP, a triaxial
apparatus was set up, while a colony of the Bacillus pasteurii was cultured, centrifuged, and placed
into a growth mixture. Subsequent urea was then passed through the microbe and allowed to settle
while the cementation between the urea and the microbe began to form. Following this,
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microscopy was used to evaluate the resulting bio-mineralization of the select specimens, thereby
allowing verification of what events had occurred at the internal level of the specimen. In
conclusion, the research team states that the microbially induced calcite cementation owed its
success to “pH, oxygen supply, metabolic status, and concentrations of microbes, and ionic
calcium in the biological and nutrient treatment flushes, as well as the timed sequence of
injections” [1].
Other findings conclude that the MICP induced cemented specimens “exhibited an increase
in axial capacity under undrained monotonic shearing conditions… [indicating] increased initial
shear stiffness and higher elastic capacity compared to untreated loose specimens” [1]. However,
this does not conclude that MICP is an effective alternative to the traditional grout and other
geomaterials used to reinforce local soil. The study also found through the use of bender elements
that “rapid cementation degradation was observed in the initial 1% of axial strain, followed by
more gradual reduction at larger strains” [1]. Additionally, through their analysis using microscopy
the MICP was described as exhibiting “a more grainy texture with little structure at the
investigation magnification” [1].
So, in effect, this team did prove that bio-mineralization does reinforce soil particles but
whether it was through their experimentation or other factors, it is concluded that the impact of
reinforcing soil through microbes and nutrients is not sufficient enough to withstand applied loads
or other external forces. The team however does remain optimistic that this area can be furthered
researched, so that other aerobic microbes can be used as the center of experiments. However, it
appears that the success of any other related experiment relies on the careful manipulation of these
microbes, as well as the environment the microbes are placed into.
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Bio-Cementation of Sandy Soils for Improving Hydro-Mechanical Characteristics
This article like the one previously discussed, undertakes the experimental evaluation of
Bacillus pasteurii by manipulating it to produce calcium carbonate. Like before, this microbe will
be supplied a set amount of nutrients from which it will precipitate its own minerals.
For this experiment, a colony of Bacillus pasteurii was grown under specific conditions of
density, media, and temperature. The composition of the liquid media was not urea in this case but
instead included “20g yeast extract, 10g of ammonium sulphate, and 20g of agar in 0.13 M Tris
buffer in pH 9.0” [2]. To provide a means of comparative analysis, the team allowed three
specimen types, one being the soil, culture medium, and bacteria while the second one is the same
composition minus the bacteria, (this will act as the control) while the third type included soil with
various degrees of water and cement mixed together. This third one presents itself as a model of
typical grout used to reinforce local soil. From there, the soil types were placed into PVC molds
and then inserted into ovens. The soil-cement type was placed under water. After this, all molds
containing bacteria were given 20 mL of the previously described liquid media at the top of the
container. And from this preparation, all samples underwent an unconfined compression test to
evaluate which type possesses the greatest resistance to compaction.
To better simplify results and analysis, the experiment was broken up into four phases. The
first phase just involves the use of an SEM microscope to verify bacteria are indeed present within
the samples. Following this, Phase II wished to see results of a durability test between particles
that varied in size and temperature. From the experimenter’s own visual observations, they found
that calcite had formed in both samples, but a greater volume was seen in the sample that was
subjected to a higher temperature. For those reasons, the following iterations of the experiment
were conducted at the higher temperature of 30 degrees Celsius. Once the durability test concluded,
16

samples of a specific uniform size were submerged in water for an extended period of time –
roughly one month. Then from a simple compaction of the hand, the specimen was compressed
and observed that the previously collapsible soil was more structurally rigid, proving the effect of
bio-cementation. As for Phase III, the specimens were given nutrients at various time intervals to
see if different times of injection affected the sample’s strength. Unfortunately, due to some
experimental error, the bacteria were not given nutrients at expected times, leading to the results
of this phase to be inconclusive. Phase IV, the experimenters had concluded by this point that the
control samples of their testing had yielded higher strength than the MICP specimens. Their
conclusions state that “the results obtained in the earlier phases showed that the resistance of
control samples was larger than that of the samples with bacteria in several cases” [2].
Additionally, the presence of bio-cementation seemingly only occurred in the upper portion of the
samples found in the mold or was more localized to this portion of the cylinder. The team states
“the presence of white bio-cement was observed in all the samples, but it was more concentrated
in the top in the other phases and now it seemed more homogenous. However, during the
unconfined compression test the upper zone shown to be much more resistant than the bottom”
[2].
Like the other article before, Bacillus pasteurii is very sensitive to pH, temperature,
injection concentration, and other elements. And it was verified by the unconfined compression
test that the MICP samples did not perform as well compared to the control specimens. However,
due to some experimental flaws it is possible to replicate this experiment or one similar to it, to
yield results in favor of bio-cementation. Likely, by introducing a non-invasive approach, the
physical errors of an experiment, like this one, can be reduced, providing better data for
determining if bio-mineralization is a viable method for reinforcing soil.
17

Biocementation Mediated by Native Microbes from Brahmaputra Riverbank for
Mitigation of Soil Erodibility
Like the two previous experiments, this article wishes to research the potential use of MICP
as an alternative solution to conventional grouting practices. However, its application in this
experiment is more specific to preventing the harmful effects of soil erosion.
This experiment begins by taking two soil samples, one from the campus of the Indian
Institute of Technology in Guwahati India, and the other from a location near the same university
along the Brahmaputra River. The first sample, taken from the Brahmaputra riverbank is
“characterized as [a] poorly graded fine sand” while the second sample, taken from the campus is
described “as a clayey sand (SC)” [3]. Following this, a series of tests were conducted to identify
the indigenous microbes of the collected specimens. Once identified, the research team was able
to filter through each native microbe, 36 were found in total, and selected six specific ones to be
used for experimentation. These six were then determined to be closely linked to the
microorganism genus of Sporosarcina, with some slight variations between sample to sample, but
closely related enough in commonality to be grouped together. Following this each “isolate” as
the research team refers to the specimens as, were successfully cultured. Then, through some
manipulation of pH, temperature, and growth media, each isolate was able to hydrolyze urea to a
specific concentration of “106.67 to 186.67 mM” [3] thus exemplifying the possibility that biocementation can be created from each specimen.
After verification of urea hydrolysis, the research team introduced the isolates into the
growth media, and “experimentally observed that the depletion of the supplemented soluble
calcium in the precipitation media (PM) was corresponding to the ureolytic activities of the
isolated strains. Within 48h of introducing 1% bacteria in the precipitation media, the soluble
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calcium chloride was utilized to precipitate carbonate crystals” [3]. This then proved the existence
of bio-cementation to be forming within the samples. However, the team wanting a second
verification of the samples, chose to use a FESEM (field emission scanning electron microscope)
and a XRD (X-ray diffraction) scan, and did in fact visually verify that carbonates were forming
in the samples, often with the carbonates surrounding the bacteria as it was encased and centrally
located.
Finally, after the bio-cementation formed, it was time to evaluate the strength of the
samples. To do this, a needle penetration resistance test was performed. And according to the
research team, the samples did prove effective: “From the needle penetration test, it was evident
that the penetration resistance of treated soil improves significantly with the increased level of
biocementation cycles, indirectly indicating an improvement in soil-erodibility resilience” [3].
However, the next step was to demonstrate the samples resistance to water. For the next
experimental test, a “hydraulic current on different levels of biocementation… were exposed to
hydraulic current gradually varying from gentle flow (0.06 m/s) to five times the critical velocity
(0.75 m/s) in a 45 – min duration test” and through this, it was found that “an increase of
biocementation cycles, i.e., calcite content, the soil erodibility [is] reduced substantially” [3].
Apparently, the amount of mass loss in the treated biocementation samples when compared to the
control was significantly lower. It is then conclusive to say that when passed over by a standard
flow of the river, the treated samples would fare better to the effects of erosion than the already
present, natural soil.
This experiment, with its careful controls and reduced errors has proven the viability of
reinforcing native soils to be resistant to soil erodibility. Interestingly enough, this was the first of
the experiments to introduce water testing as a means to verify a treated soil’s strength. And
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surprisingly, it proved to be effective. However, it is uncertain how well the soil would behave
when implemented into the field. The lab controls did prove the native soils to be viable for biocementation but external factors such as varying temperature, a higher water flowrate from the
Brahmaputra River, and soil pH could diminish the effectiveness of these native microbes.
US5143155A Patent; Bacteriogenic mineral plugging
Although not too related to an examination of the resulting mechanical effects of treated
indigenous microbes, this patent and invention developed by Frederick G. Ferris, and Lester G.
Stehmeier “provides a process to reduce the permeability of a subsurface geological formation by
mineral precipitation, said process consisting of:


providing to said formation a microorganism culture having the capability to sustain
metabolic activity within the environment of said formation,



injecting an aqueous mineralization medium into said formation, and



precipitating mineral matter from said mineralization medium” [4].

This invention has served the need to mitigate the effects of oil recovery loss initiated by
the infiltration of water and other fluids. Our research is pertinent to the biocementation of granular
soil, such as sand. This apparatus has according to the claims of the patent been used to
“consolidate sand in a subsurface geological formation by mineral precipitation” [4]. As discussed
in the abstract, one of the inquiries of this project, seeks to see the resulting effects of water
permeability, as nutrient rich growth media is introduced to native microbes. According to this
patent in one scenario, an example provided “quantitative data describing the precipitation of a
mineralization medium in the presence of bacterial growth, and the decrease in the permeability
of a sand core” [4]. This apparatus through its use in the field, has proven successful in plugging
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geological formations that possessed sand. And in doing so, reduced the flow of water through the
local soil, thus achieving a state of low water permeability. It is through the example of this
technology that the prospect of increasing the mechanical properties of soil with indigenous
microbes is possible. This same apparatus also features the ability of reducing a granular soil’s
porosity, thus lowering its water permeability as well. This then makes the idea of reducing soil
erosion more feasible since granular soils which previously had little resistance to the flow of
water, are now being converted in the field to act as active plugs for mining projects.
Engineering Properties of Enhanced Bio-Cemented Sandy Soils
As was stated in the introduction, this project wishes to employ wave sensor technology to
gather information on the mechanistic properties of bio-treated soils. In this study, “synthesis of
data from 47 soil column experiments involving 14 different soils was completed to provide a
characterization of the ranges of unconfined compressive strength, shear wave velocity, and
hydraulic conductivity reduction values that may be obtained following bio-cementation
improvement” [5]. This experimental set up was established for soils with high and low fines
composition. As previous discussions in this section have already explained how to induce biocementation, this and the following studies will focus more specifically on the effectiveness of
shear wave velocities being used to characterize bio-treated soils. For this experiment, the shearwave velocities measurements were set up as follows:
“Shear wave velocity measurements were completed for select soil column specimens
using piezo-ceramic bender element sensor pairs placed at mid-depth and oriented
perpendicular to columns. Sensors were assembled following Montoya et al. (2012) and
protected from the high-conductivity aqueous environment using a multi-step epoxy
coating process. Transmitting bender elements were excited using a 24V 100 Hz square
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wave generated by a signal generator and data acquisition system and received signals were
measured and recorded with an oscilloscope at a sampling frequency of 2 MHz. Vs values
were determined from visual interpretation of S-wave arrivals and known sensor spacings”
[5].
As stated previously, the main hypothesis of this experiment was to prove “that final soil
improvement would be governed primarily by calcite content and not soil physical properties” [5].
And as was discovered for shear waves, the velocity increased in somewhat of a linear fashion as
average calcite increased. As is stated in the research, “Vs values increased in a near linear manner
from uncemented Vs values ranging from 95 to 135 m/s to values near 1400 m/s at average calcite
contents near 10%” [5]. What is also interesting, is that of the 47 soil columns with 14 different
soils, Vs values all seem to react positively without any sort of destructive interference as calcite
content increased. Comparing the shear wave test to the unconfined compressive strength test, it
is plain to see that the effects of the UCS test proved damaging, and resulted in inconclusive data
just by nature of design. As for the soils with a high composition of fines, the researchers were
not able to establish a positive correlation between shear waves and calcite content. They believed
that “correlations between soil Vs and calcite content may be relatively independent of both soil
particle size and fines content” [5].
Apparently, using shear waves proves to be a viable method of characterizing bio-cemented
soils. However, its efficiency is hard to decipher when in one experimental setup shear wave
velocity was positively established, correlating particle size and soil makeup (i.e., low level of
fines) and in another could not establish a connection between the soil particles and a high level
of fines. However, what remained conclusive is that shear waves do in fact limit the destructibility
of experimental setup to a minimum. Its non-invasive nature proves to be worthwhile, and the
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results of this experiment in some way give reasonable certainty to continue its use as a means of
measurement for bio-treated soils.
Bio-mediated Soil Improvement
This article provides a general overview of biocementation formation of calcite and
additionally provides a specific example of this within sands. Although not a specific experiment
is being conducted in this study, this article makes use of previous experiments’ work to describe
a successful way to develop “non-destructive geophysical process monitoring techniques” [6] (i.e.,
compressive and shear wave bender elements).
Per the specific example used in this article describing shear wave measurements (based
around a previous experiment), bender elements are arranged to transmit and receive signals of
which are recorded directly by an oscilloscope. With this, the researchers were able to identify any
necessary shear wave velocities. In this particular example, shear wave measurements were taken
after every injection of specific nutrient/growth medium. As is described in the article,
“For each injection the shear wave velocity remains constant as the pore fluid is replaced
with fresh medium. After injection the biological activity gradually raises the pH to a level
where calcite precipitation occurs. The initiation of calcite precipitation at particle-particle
contacts is detected with an initial increase in shear wave velocity. The velocity continues
to increase until some limiting condition is reached, such as no additional calcite is
available in solution. The velocity then remains constant until a subsequent injection occurs
and the process is repeated” [6].
This experimental example, although not giving empirical evidence of the success of
characterizing biocementation through the use of shear waves, does provide a method for
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establishing a repeatable process of how injection should be conducted, thus minimizing erroneous
data. As for compression waves, the article’s suggestion depends on the level of saturation of the
sample in question. The authors suggest,
“[T]he use of P-wave velocity is excellent for detecting…improvements due to
cementation when sufficient cementation exists such that the compression velocity through the
cemented soil matrix is greater than 1500 m/s. However, P-wave velocity in unbounded and lightly
cemented soils does not correlate directly with strength unless the soil matrix maintains a constant
saturation level and/or until sufficient cementation has occurred such that the particle matrix
compressibility significantly exceeds that of water” [6].
Through their own experimental research, these authors were able to conclude the above
identified factors (i.e., soil saturation level, soil matrix characteristics, bio-cementation levels)
must be appropriate to obtain a threshold p-wave velocity of 1500 m/s. This velocity can be
considered the minimum acceptable velocity needed to characterize the compressive strength (if
fully saturated), or otherwise a soil sample with a much higher wave velocity is needed. P-wave
velocities can be as high as “6,000 m/s” [6].
Bio-bricks: Biologically Cemented Sandstone Bricks
This research wished to use microbially induced calcite precipitation to create a type of
bio-brick sandstone out of local sand. Then through the use of shear and compression waves
(mostly compression), the research team gathered results to determine if there is a positive
correlation with increased cementation, specimen strength and compressive wave velocities.
The soil in question for this experiment is “silica rich #1 masonry sand, quarried in Chico,
California. This sand was used because it is moderately graded, locally produced, and available in
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large quantities” [7]. Like other experiments a growth mixture consisting of urea, calcium chloride,
and general nutrients were used for injection into the soil sample, which possessed the microbe
Sporosarcina pasteurii (which is the contemporary name of Bacillus pasteurii). From there the sand
was placed into PVC molds and held in place by screens and other restricting elements. After this
the sand was supplied the bacteria and growth medium on fixed cycles to simulate a curing time,
parallel to that of lime bricks and cement bricks (of whose strength the bio-bricks will be compared
to).
For compressive wave measurements the arrangement of the setup is as follows:
“A pair of 0.5 MHz Panametrics V101-RB ultrasonic transducers were powered by an HP
33120A Function Generator and received by a Fluke PM3384 oscilloscope. The
transmitted signal was a +10 V, 60 kHz square wave and the received signal was subjected
to a 1 kHz high pass filter to remove background noise and a 30 dB gain. Five equidistant
locations along the brick lengths were measured. All of the p-wave measurements were
performed across the brick width (∼91 mm)” [7].
Through data collection of the beforementioned experimental setup, the researchers had
found that “P-wave velocity for bio-bricks exceeds 3500 m/s with an average coefficient of
variation within a single brick of 6.5%” [7]. However, as cementation was not uniform, it was
discovered that the compressive wave velocity was higher near the top end of brick when compared
to the bottom side. This is likely due to the experiment’s use of percolation and as can be expected,
more calcite precipitation would have formed near the top since its application was mostly applied
in this location. If not already mentioned, these bio-bricks were cured over the course of seven to
twenty-eight days, and after the researchers performed a compression test on them for (7-, 14-, &
28-day curing times), it was found that “the average strength increases from 69 kPa to 1600 kPa,
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while the average modulus increases from 5782 kPa to over 83,900 kPa from 7 to 28 days of
treatment” [7]. Please let it be known that this compression test was performed at 50% of expected
strength levels of the bio-bricks, additional testing was also performed to gauge the maximum
strength of the bio-bricks at the 7,14, and 28-day intervals as well. The same situation was
conducted for the lime and cement bricks. After all various strength percentage levels and curing
times were conducted using compressive strength testing methods, it was found “Bio-bricks range
in strengths from 1.0 to 2.2 MPa, lime reaches as high as 1.0 MPa, and cement has a maximum
strength of 2.5 MPa” [7]. Here we see an exemplification of the mechanistic (strength)
improvement of soils treated with bio-cementation.
As for the positive correlation with p-waves, it was found over the three testing times that
“in general, p-wave velocity, strength, and modulus increase with calcite content with R 2 values
of 0.83, 0.75, and 0.38, respectively” [7]. As experimental measures go, it is with reasonable
certainty that there is a strong positive correlation between calcite content and p-wave velocity
accompanied with increased strength. This proves very helpful in verifying the fact that
compressive waves are a beneficial technique in characterizing bio-treated granular soils.
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Conclusions
This section is included to provide a basic summary of the final conclusions of each
experiment that was discussed before. Please see the below list per each article/study.


F. G. Ferris, L. G. Stehmeier, Bacteriogenic mineral plugging (1992):
o Successfully used microbially induced calcite precipitation to reduce the water
permeability of sand when mining.



J. T. DeJong, M. B. Fritzges, K. Nüsslein, Microbially Induced Cementation to Control
Sand Response to Undrained Shear (2006):
o Successfully proved Bacillus pasteurii could induce calcium carbonate within a
relatively cohesionless sand.
o Reinforcing soil through microbes and nutrients is not sufficient to withstand
considerable applied loads.
o Success of experiment relies on the careful manipulation of microbes and the
surrounding environment.



J. T. DeJong, B. M. Mortensen, B. C. Martinez, D. C. Nelson, Bio-mediated soil
improvement (2009):
o Provided suggestions on how to make use of compressive and shear wave
technologies with respect to calcite precipitation and injection cycles.
o Soil saturation level, soil matrix characteristics, and bio-cementation levels must be
appropriately controlled to obtain a threshold p-wave velocity of 1500 m/s.
o The velocity of 1500 m/s can be considered the minimum acceptable velocity needed
to characterize the compressive strength (if fully saturated) of bio-treated soils.
o If not fully saturated, a soil sample with a much higher wave velocity is needed. Pwave velocities can be as high as “6,000 m/s” [6].
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R. R. Pedreira, Bio-cementation of Sandy Soils for Improving their Hydro-mechanical
Characteristics (2014):
o Successfully induced the formation of calcium carbonate, however control samples
proved to be stronger than tested bio-treated soils.
o Bacillus pasteurii is sensitive to pH, temperature, injection concentration, and other
elements.
o Incorporation of a non-destructive approach (i.e., wave sensor technology) would
supply better and more accurate data.



D. Bernardi, J. T. DeJong, B. M. Montoya, B. C. Martinez, Bio-Bricks: Biologically
Cemented Sandstone Bricks (2014):
o Produced several microbially induced calcite precipitation bio-blocks made of sand.
Characterized the strength of the bio-blocks using compressive (P-waves) and was
able to establish a strong correlation between increased calcite content, p-wave
velocity, and specimen strength.
o The maximum compressive strength of bio-blocks was found to range from “1.0 to
2.2 MPa” [7].
o Compressive strength of bio-blocks can be near or exceed the compressive strength of
lime, and or cement bricks.
o

Compressive wave characterization is a beneficial technique in characterizing biotreated granular soils.



M. G. Gomez, J. T. DeJong, Engineering Properties of Bio-Cementation Improved
Sandy Soils: Grouting (2017).
o Induced Biocementation with 14 different USCS soil types. Proved shear waves can
be used as an effective means of characterizing bio-cemented soils and correlates
positively if soil samples have low level of fines.
o Shear waves limit the destructibility of experimentation.
o Consider re-evaluating testing of soil samples with high fines composition.
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A. A. Dubey et al., Biocementation mediated by Native Microbes from Brahmaputra
Riverbank for Mitigation of Soil Erodibility (2021):
o Concluded that bio-cementation of soils may reduce the effects of erosion caused by
rivers.
o Uncertain if field conditions would allow for successful erosion reduction with
application of bio-cementation.
o Higher water flowrate from the Brahmaputra River, and soil pH could diminish the
effectiveness of native microbes.
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Experimental Setup / Procedure:
Unfortunately, due to time constraints, a successful completion of the experiment of biocemented soils was not able to be performed. However, as a means to provide as much information
on this topic as possible, the experimental setup of what would have happened is explained below.
Firstly, the bio-cemented project consisted of several materials, of which included the
following:


A 4” x 4” x 4” Acrylic Chamber



A Sand Soil Sample (includes indigenous microbes)



Nutrient Broth, consisting of…
o Urea
o Calcium Chloride Dihydrate
o Urease Powder
o Deionized Water



Compression (P) and Shear (S) Wave Bender Elements



Signal Generator



Data Acquisition System / Software



Oscilloscope



Cut Wooden Blocks used to mount Bender Elements

As for an idea of how this experiment would have looked like, here are a few select images
taken from another PRL experiment. Unfortunately, experimentation was not able to be conducted
for bio-treated soils due to time constraints. However, the below pictures of this other closely
related experiment, provide a visual of the testing chamber and cohesionless soil sample that would
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have been used for the bio-cemented soil experiment. Future research in this area will also make
use of these same testing materials.

Figure 2: 6” x 6” x 6” Acrylic Testing Chamber with Sand Soil Sample.
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Figure 3: Shear-Wave Bender Element Fixed to Wooden Block.
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Figure 4: Trial Experiment with Compressive and Shear Wave Bender Elements.
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Figure 5: Top-View of Experimental Setup of Sand Sample and Compressive and Shear Wave Bender Elements.
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Figure 6: Perspective View of Experimental Setup (From Foreground Moving Back: Laptop with Data Capturing
Software, Signal Generator, Chamber with Bender Elements and Soil Sample, and Oscilloscope).
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Procedure:
Experimentation firstly begins with setting up the chamber, as this establishes the
boundaries for which the sandy soil will be tested. The chamber as mentioned in the materials list
is 4” x 4” x 4” and is created from acrylic material. After creating the frame of the chamber, the
next step would be to figure out a way to insert the bender elements within its boundaries. To do
this, incisions will be made on all four walls at mid-depth. These incisions can be seen in Figure 1
below, identifiable by a narrow oval shape at mid-height. Once space is made for the bender
elements, the base of the chamber is removed, and fitted with a sieve. Please note that the base
will be repositioned back onto the bottom of the chamber and later removed to allow the sand
sample to dry. This sieve being of small size, will allow proper drainage for the nutrient broth that
is to be added later. Once the chamber setup has been completed, attention can be shifted over to
the bender elements. Through select arrangement of wiring from the oscilloscope cables, the
prongs of the bender elements and the exposed copper and core, unsheathed from the same
oscilloscope cables, can be soldered together. Then, depending on the arrangement of these wires,
a compressive or shear wave bender element can be created. Once this is done, wooden blocks of
2” in height will be sawed off from a piece of lumber to act as the base for the bender elements.
Then using a wood screw, the bender elements are fixed into a cantilever like position on the
wooden blocks, just tall enough to later be fitted into the chamber. Now, the sand soil sample (of
which possesses indigenous microbes) is taken and poured into the chamber, filling it to near
capacity. After this the bender elements are taken and inserted through the incisions, while their
opposite ends are plugged into the oscilloscope. Please see Figure 4, which provides a top view of
the arrangement of the bender elements, chamber with soil sample, and electrical recording
devices.
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Once all is in place, the bender elements will be activated by a set frequency from the signal
generator. From there, resulting shear and compression waves will appear on the oscilloscope and
will be recorded appropriately. The time of recording is very important to the experiment’s
success. For this reason, data recordings will be taken prior to the nutrient broth being flushed onto
the sample. After this, data will be recorded cyclically for a 24-hour period with fifteen-minute
intervals. As for the nutrient broth, this is prepared with select quantities of ingredients (please see
materials list) and is flushed on top of the soil specimen. Once the 24-hour cycle is completed and
data has been recorded, the sample will be drained using the attached sieve, and another flush of
the nutrient broth will be applied. Data will be gathered and recorded like before and this entire
procedure will be done three more times for a total of five trials. It is the expectation that by the
end of the fifth and final trial, that substantial microbial induced calcite precipitation will have
occurred. Additionally, it is also expected that with the calcite formation, that compressive and
shear wave velocity recordings provide a strong positive correlation between these values and the
specimen’s mechanical strength. It is hopeful that these results prove to be similar to the
conclusions of D. Bernardi, J. T. DeJong, B. M. Montoya, B. C. Martinez, Bio-Bricks: Biologically
Cemented Sandstone Bricks (2014) (please see conclusions section of this particular study, above).
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Future Studies
The original goal in mind for testing and evaluating bio-cemented soils, was to fabricate
an experimental setup as described in the previous section. As already mentioned, there was intent
to perform these experiments in the span of a semester, but due to time constraints was not able to
be conducted. Future students will take on the effort to continue using the previous experimental
model while extracting any useful information from its results. It is with this continuing research
that the potential for bio-cemented soils can be furthered studied.
As for additional future experimental plans, these will proceed in the same fashion with
bender elements. Or it is possible that some components of this experiment will be taken and
modified to sharpen any possible faults that may have occurred from the described initial design.
At any rate it will be exciting to see what becomes of this research.
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